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The electroretinogram (ERG) vs perfusion pressure relation was studied in anesthetized rabbits 
during mechanically induced changes in mean arterial pressure (MAP). After 1 hr of dark 
adaptation, ERGs were obtained at perfusion pressures from 10 to 95 mmHg with each pressure 
held for 30-60 sec, and at three levels from 15 to 75 mmHg with each pressure held for 5 min. The 
slopes of the b-wave amplitude vs perfusion pressure data were not significantly different from zero 
during either the brief or longer manipulations of perfusion pressure. However, the b-wave was 
nearly extinguished 5 min after death. The results indicate that the rabbit ERG is maintained over a 
wide range of perfusion pressure. © 1997 Published by Elsevier Science Ltd. 
Rabbit Choroid Circulation Electroretinogram (ERG) b-wave Retina 
INTRODUCTION 
There is a long-standing and continuing interest in the 
mechanisms governing ocular hemodynamics and the 
relationships between blood flow, retinal metabolic 
processes, and retinal function (Noell, 1951; Krill & 
Diamond, 1962; Fujino & Hamasaki, 1965; Flower & 
Patz, 1971; Yancey & Linsenmeier, 1988; Linsenmeier, 
1990; Ames et al., 1992). Studies of ocular perfusion 
have commonly increased the intraocular pressure (IOP) 
to lower the perfusion pressure while monitoring indexes 
of ocular blood flow or retinal function. However, 
although some authors have proposed that reducing the 
perfusion pressure by raising the IOP or lowering the 
mean arterial pressure (MAP) are equivalent (Fujino & 
Hamasaki, 1967; Yancey & Linsenmeier, 1988), others 
have noted that lOP manipulations may have direct 
mechanical effects unlikely to occur with MAP manip- 
ulations (Masai et al., 1993; Gehlbach & Purple, 1994). 
Moreover, MAP manipulations more closely simulate the 
normal physiological state and a variety of pathological 
conditions. 
Nonetheless, tudies employing IOP elevation have 
demonstrated a role for retinal blood flow autoregulation 
in preserving the responsiveness of the middle retina to a 
variety of stimuli (Fujino & Hamasaki, 1967; Uenoyama 
et al., 1968; Yancey & Linsenmeier, 1988). Other studies 
evaluating the retinal consequences of occlusion or 
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stenosis of the vessels upplying or draining the eye also 
indicate little or no effect on retinal function. However, 
some of these studies did not measure the perfusion 
pressure, few varied the perfusion pressure system- 
atically over a wide range, and none determined the 
pressure-flow relationships for the preparation under the 
same conditions (Krill & Diamond, 1962; Fujino & 
Hamasaki, 1967; Demant et al., 1982). 
In earlier studies, we found evidence of choroidal 
autoregulation in the rabbit when the perfusion pressure 
was varied by changing the MAP over a wide range of 
perfusion pressure (Kiel & Shepherd, 1992; Kiel & van 
Heuven, 1995). Because the rabbit retinal circulation is 
negligible, it seemed possible that choroidal autoregula- 
tion might help to preserve retinal function during 
fluctuations in MAP. Therefore, to test this hypothesis, 
we used the same preparation and step-changes in MAP 
to determine the effect of perfusion pressure on the b- 
wave amplitude of the electroretinogram (ERG), the 
summed electrical response of the middle and outer etina 
to light stimulation that is often used as an index of retinal 
function (Noell, 1951; Krill & Diamond, 1962; Fujino & 
Hamasaki, 1965; Uenoyama et al., 1968; Demant et al., 
1982; Niemeyer et al., 1982; Yancey & Linsenmeier, 
1988; Bill & Sperber, 1990; Braun & Linsenmeier, 
1995). 
METHODS 
All procedures were approved by the Institutional 
Animal Care Program and conformed to the ARVO 
Statement for the Use of Animals in Ophthalmic and 
Vision Research. 
Locally obtained New Zealand white rabbits (n = 5; 2- 
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3 kg) were housed in the University vivarium and given 
food and water ad l ibitum for at least 3 days prior to the 
experiments. At approximately 0800 hr on the day of the 
experiments, the rabbits were anesthetized with pento- 
barbital sodium (30 mg/kg, i.v., supplemented as re- 
quired). The animals were intubated through a 
tracheostomy and mechanically ventilated with room 
air. Expired PCO2 was monitored (Datex Normocap 200, 
Tewksbury, MA) and maintained between 40 and 
45 mmHg. A heating pad was used to maintain normal 
body temperature (38-39°C). During the experiments, 
the animals were neuromuscularly blocked with galla- 
mine triethiodide (Flaxedil, 10 mg/kg, i.v.) to eliminate 
saccadic eye movements and extraocular muscle tone. 
The animals were killed at the end of the experiments by 
an overdose of anesthetic. 
Systemic MAP was monitored continuously through a 
catheter in the right auricular artery connected to a 
pressure transducer. The auricular MAP was taken as an 
estimate of the MAP in the arteries supplying the eye 
since they are roughly the same height above the heart. 
To control ocular MAP, hydraulic occluders were placed 
around the thoracic aorta and the inferior vena cava 
through a right thoracotomy. The aortic occluder was 
used to redirect he cardiac output o the upper half of the 
body, thus increasing the MAP at the eye. The caval 
occluder was used to impede venous return thus lowering 
cardiac output and reducing MAP throughout the 
circulation. At this point in the surgical preparation, the 
animal was mounted in a stereotaxic head-holder, where 
it remained for the remainder of the experiment. The right 
eye was then anesthetized with a topical anesthetic 
(lidocaine) and the eye cannulated with a 23 gauge needle 
inserted into the anterior vitreous through the pars plana. 
The cannula was connected to a four-way stopcock with 
one port connected to a pressure transducer to measure 
IOP. The IOP was not manipulated irectly during the 
experiment and was allowed to vary with the changes in 
MAP. 
The ERG was recorded with a Ag-AgC1 active 
electrode in the other open port of the saline-filled 
stopcock connected to the cannula used to monitor IOP. 
Ag-AgCI reference and ground electrodes were inserted 
subdermally near the orbit and in the leg. The ERGs were 
amplified at a gain of 5000 (P511, Grass Instruments, 
Quincy, MA) with the band-pass filter set at 0.3 Hz to 
1 kHz and averaged on a digital oscilloscope (4094B, 
Nicolet Instrument Technologies, Madison, WI). The 
light stimulus for the ERG was produced by a capacitive 
discharge tube (PS2, Grass Instruments) with the flash at 
an intensity 0.9 log units greater than that necessary to 
produce a maximal ERG b-wave amplitude. The neutral 
density filters used to control flash intensity were 
contained in a light-tight filter box coupled to the flash 
unit placed 0.2 m from the eye. The pupils were dilated 
with 1% tropicamide (Mydriacyl, Pharmafair). A diffuser 
was placed between the eye and the flash in order to 
approximate full-field stimulation. The flash unit was 
controlled by a timing device (TM503, Tektronix, 
Beaverton, OR) using a function generator (FG501, 
Tektronix) to generate the period and a pulse generator 
(PG505, Tektronix) to generate the flash synchronization 
pulse at a flicker rate of 0.2 flashes/sec. 
After 1 hr of dark adaptation, scotopic ERGs were 
produced in the dark by a short train of 5-10 flashes while 
holding the perfusion pressure constant at different levels 
over a range of 10-95 mmHg. Each perfusion pressure 
was held for 30-60 sec prior to recording the ERGs for 
that perfusion pressure as shown in Fig. 1. ERGs were 
also recorded at the end of 5 min periods when the 
perfusion pressure was set low (20 mm Hg), normal 
(50 mm Hg), and high (60 mm Hg) as shown in Fig. 2. 
To obtain high fidelity, representative ERGs for 
analysis, the ERGs from the first five flashes in each 
train were averaged with the digital oscilloscope and used 
to determine the reported b-wave amplitudes. The b- 
wave amplitude was measured in the conventional way 
from the trough of the preceding a-wave to the peak of 
the positive b-wave. The MAP, IOP, and ERG were 
recorded with a MacLab data acquisition system (World 
Precision Instruments, Sarasota, FL) connected to a 
Macintosh SE-30 computer (Apple, Cupertino, CA) so 
that the perfusion pressure could be determined for each 
train of ERG recordings. The relationships between 
perfusion pressure and the b-wave amplitude were 
analyzed by linear regression (GraphPad Prism, San 
Diego, CA). All results are expressed as the mean_+ 
SEM. 
To confirm our previous choroidal blood flow findings, 
choroidal blood flow was measured with a laser-Doppler 
flowmeter (PF-2B, Perimed, Stockholm, Sweden) during 
step-decreases in MAP from 90 to 20 mmHg with each 
pressure held for 30-60 sec. A complete description of 
the principles of operation and its application in our 
preparation have been presented in previous reports (Kiel 
& Shepherd, 1992; Kiel & van Heuven, 1995). 
RESULTS 
Immediately upon cannulation of the eye, the MAP and 
IOP were 65 + 3.2 and 17 _+ 1.0 mmHg, respectively. 
Figure 3 shows the b-wave amplitudes plotted as a 
function of perfusion pressure when the MAP was held at 
each level for 30-60 sec (top) and for 5 min (bottom). 
The slope for the 30 sec data (0.56 #V/mmHg) was not 
significantly different from zero (P = 0.08). Similarly, the 
slope for the 5 min data (0.76/~V/mmHg) was also not 
significantly different from zero (P = 0.18). 
Figure 4 shows the ERGs to the first flash after holding 
the MAP for 5 min at 90 and 30 mmHg and 5 rain post  
mortem. The top panel shows the ERG over a 5 sec 
period. The bottom panel shows the same ERG over a 
400 msec period to illustrate the changes in the b-wave 
amplitude. The b-wave amplitude was nearly abolished 
(55/~V) 5 min after death but decreased by only 14% 
(i.e., from 577 to 499/~V) when the perfusion pressure 
was decreased from 76 to 20 mmHg. 
Figure 5 shows the choroidal blood flow responses in a 
single rabbit to step-decreases in MAP with each 
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FIGURE 3. b-Wave amplitude plotted as a function of perfusion 
pressure when MAP was held at each pressure-step for 30--60 sec (top) 
and 5 min (bottom). Slopes were not significantly different from zero. 
(Same symbols used to represent data from the individual animals in 
top and bottom graphs). 
pressure-step held for 30-60 sec. As reported previously 
(Kiel & van Heuven, 1995), the tracings show that 
choroidal blood flow is well maintained until perfusion 
pressure is reduced below 30 mmHg. 
DISCUSSION 
The results show that the b-wave of the rabbit ERG is 
not significantly altered over a wide range of perfusion 
pressure. This is the case both when the perfusion 
pressures are held for 30-60 sec and for 5 min (Fig. 3). 
Although these results are consistent with those of 
previous studies in the rabbit, cat, and monkey (Fujino 
& Hamasaki, 1967; Uenoyama et al., 1968; Gerstle et al., 
1973; Demant et al., 1982; Yancey & Linsenmeier, 
1988), they are nonetheless surprising given the meta- 
bolic basis of the ERG and the inherent linkage between 
retinal metabolism and blood flow. 
In the cat and monkey, the absence of a pressure ffect 
on the b-wave amplitude has been attributed to 
autoregulation f retinal blood flow (Fujino & Hamasaki, 
1967; Gerstle et al., 1973; Demant et al., 1982; Yancey & 
Linsenmeier, 1988). However, the rabbit does not have 
the typical mammalian retinal circulation, and its retinal 
vessels are confined to a narrow, horizontal strip over the 
medullated nerve fiber layer with the capillaries present 
only in the nerve fiber layer (Prince & McConnell, 1964). 
Moreover, the potentials generated in the ganglion cell 
and nerve fiber layer make no contribution to the flash 
ERG, as evidenced by the normal ERG in patients with 
optic nerve atrophy (Harrison et al., 1987). Furthermore, 
the area of the retina under the medullated nerve fibers is 
too small to account for a significant proportion of the 
full-field ERG, even if the cells nourished by the retinal 
circulation in this small area contributed to the ERG. 
Therefore, it is unlikely that autoregulation of retinal 
blood flow plays an important role in the maintenance of
the rabbit ERG at low perfusion pressures. 
The resistance of the rabbit ERG to decreased 
perfusion pressure is also not due to retinal insensitivity 
to hypoxia. In vitro experiments show that when the 
rabbit retina is deprived of oxygen, tissue pO2 equili- 
brates within 1 min of a change in gas concentration and 
there is a rapid loss of both a- and b-wave amplitudes 
(Ames et al., 1992). Similarly, in vivo experiments show 
that when the lOP is held above systolic blood pressure, 
the b-wave amplitude in rabbits is reduced by 50% within 
64 sec and abolished by 5 min (Ulrich & Reimann, 1986). 
We also found that the ERG was largely abolished by 
5 min of non-perfusion after death (Fig. 4). 
Previous authors noted that the preservation of the 
rabbit ERG at low perfusion pressures could be explained 
by choroidal blood flow. For example, Uenoyama et al. 
(1968) found little effect of lOP on the rabbit b-wave 
amplitude and speculated that substantially greater 
choroidal blood flow must remain at high lOP than had 
been demonstrated by studies of the rabbit choroidal 
blood flow response to increased lOP. Similarly, Flower 
& Patz (1971) recorded normal a-waves in cats when the 
lOP was elevated sufficiently to eliminate retinal but not 
choroidal blood flow (i.e., perfusion pressure of 
8 mmHg), and so attributed their results to the remaining 
choroidal perfusion. 
Our previous work in the rabbit indicates that choroidal 
blood flow is sustained until the perfusion pressure is 
reduced to relatively low levels (Kiel & van Heuven, 
1995). Figure 5 shows an example of such choroidal 
autoregulation when the perfusion pressure is varied by 
step-changes in MAP. It should be noted that the lowest 
MAP achievable by complete occlusion of the inferior 
vena cava is approximately 20 mmHg, which typically 
results in a perfusion pressure of 10-12 mmHg. At this 
low perfusion pressure, choroidal blood flow is reduced 
by approximately 50%. Thus, while choroidal autoregu- 
lation can account for the constancy of the ERG down to 
perfusion pressures of approximately 30 mmHg, it does 
not account for the preservation of the ERG at lower 
perfusion pressures. 
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FIGURE 4. ERGs to first flash after MAP was held for 5 min at 94 and 30 mmHg and 5 min after death. Top panel shows 5 sec 
after initial flash and bottom panel shows expanded view of corresponding b-wave. ERG is attenuated by 5 min of no perfusion 
but only slightly reduced by 5 min at a perfusion pressure of 20 mmHg. 
Although responses inspecies with a retinal circulation 
may differ from those in rabbits, measurements of the 
uveal arteriovenous oxygen difference in cats indicate 
that oxygen consumption is flow-independent u til blood 
flow is reduced by approximately 50% (Aim & Bill, 
1970). A similar study in pigs using lOPs sufficient o 
reduce choroidal blood flow also suggests that increased 
oxygen and glucose extraction compensates for the 
reduced oxygen and glucose delivery (Tornquist & 
Aim, 1979). Thus, increased oxygen and glucose 
extraction probably contribute to the preservation of 
retinal function if the perfusion pressure falls below the 
autoregulatory range and blood flow is reduced. 
Results in monkeys further indicate that once the 
perfusion pressure is reduced to approximately 
20 mmHg, oxygen extraction becomes insufficient o 
maintain oxygen consumption and the retina switches 
from aerobic to anaerobic metabolism (Bill & Sperber, 
1990). However, ERG and pO2 measurements in cats 
during systemic hyperoxia nd hypoxia show that the b- 
wave is pO2-independent when arterial pO2 is greater 
than approximately 35mmHg, but falls to zero as arterial 
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pO2 is reduced from 35 to 20 mmHg (Niemeyer et al., 
1982; Linsenmeier, 1990). Thus, anaerobic metabolism 
appears insufficient to maintain full retinal function 
since, under hypoxic conditions, glucose delivery would 
presumably be maintained. Nonetheless the cat results 
suggest hat the minimal pO2 needed to maintain retinal 
function in this species is below normal levels of retinal 
oxygenation, and that this margin of safety probably 
contributes to the preservation of the ERG when blood 
flow is reduced. 
There are several potential problems with the results of 
this study. First, we used a flash intensity that evoked 
maximal ERGs, and it is possible that a lower flash 
intensity might have allowed us to detect pressure- 
dependent changes in the ERG. However, other investi- 
gators have used maximal or near-maximal flash 
intensities and detected ERG changes in response to 
oxygen delivery perturbations (Yancey & Linsenmeier, 
1988; Breton et al., 1989; Peachey et al., 1993). 
Moreover, the stimulus used in this study elicited a 
significantly reduced ERG 5 min after death. None- 
theless, it is conceivable that near threshold ERGs might 
be more sensitive to changes in perfusion pressure. 
Secondly, Fig. 1 and Fig. 2 show that the brief period 
between flashes caused light adaptation, and averaging 
five flashes may have obscured subtle ERG changes. 
However, the averaging procedure was performed 
consistently at all perfusion pressures and, more 
importantly, the expanded traces of the first ERG (Fig. 
1, Fig. 2 and Fig. 4) also show little or no effect of 
perfusion pressure on the b-wave, except after 5 min of 
non-perfusion. Thirdly, the longest time period studied 
was 5 min, and it is likely that such brief manipulations of 
perfusion pressure were inadequate to achieve steady- 
state conditions, particularly at the lower pressures. We 
chose to limit the pressure manipulations to 5 min in 
order to avoid the unpredictable deleterious systemic 
effects of prolonged arterial hypotension (e.g. irreversible 
shock), and because previous studies and our own 
preliminary results indicated that 5 min of non-perfusion 
is sufficient to reduce or eliminate the rabbit b-wave. 
Nonetheless, if it were possible to experimentally reduce 
only the ocular arterial pressure, longer periods of partial 
ischemia might provide different results. 
In summary, the present study found no significant 
change in b-wave amplitude over a wide range of 
perfusion pressures. Over much of this pressure range, 
the constancy of the b-wave can be explained by 
choroidal autoregulation and its maintenance of oxygen 
and glucose delivery. At perfusion pressures below the 
autoregulatory range, increased oxygen and glucose 
extraction and the ability to shift from aerobic to 
anaerobic metabolism probably contribute to the pre- 
servation of retinal function. 
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